The aim of the present study was to undertake a longitudinal study of systolic and diastolic cardiac function during normal pregnancy. At a median of 16 weeks of gestation, 100 primiparous women underwent echocardiography, including tissue Doppler imaging, determining left ventricular mass, cardiac output, systolic and diastolic velocities, and wall stress. A total of 32 were assessed again at a median of 37 weeks of gestation. Non-pregnant control estimates (n = 9) were obtained by averaging four separate measures over two menstrual cycles. Initially, the pregnant women had significantly higher pulse rates than controls, associated with greater ventricular wall stress (two-tailed P value = 0.015), and systolic (two-tailed P value = 0.005) and diastolic (two-tailed P value = 0.018) lateral wall myocardial velocities, but no differences in systolic blood pressure, left ventricular mass or cardiac output. By 37 weeks of gestation, increased blood pressure (twotailed P value < 0.001) and left ventricular mass (two-tailed P value = 0.002) were associated with a significant increase in ventricular wall stress (two-tailed P value < 0.001), and reductions in septal systolic (two-tailed P value = 0.004) and septal and lateral early diastolic (two-tailed P value < 0.001) myocardial velocities. The diastolic velocities at 37 weeks correlated inversely with maternal weight and age. In conclusion, by term pregnancy, an increase in ventricular wall stress is accompanied by a deterioration in cardiac function.
INTRODUCTION
Normal pregnancy places demands on the mother's heart, with her cardiovascular system needing to supply oxygen and nutrients to the growing fetus and its support structures: the uterus and placenta. During pregnancy, the circulation is described as hyperdynamic with increases in CO (cardiac output) and HR (heart rate) that test cardiac functional reserve. The persistent tachycardia [1] , anaemia [2] , increased body weight [3, 4] and insulin resistance [5] seen during pregnancy may affect the heart, as these factors have been demonstrated to be deleterious to otherwise normal hearts outside of pregnancy [6] [7] [8] [9] [10] .
Previous studies regarding systolic function in pregnancy have described increases [11] [12] [13] [14] , no change [15fractional shortening. These discrepancies might reflect differences in circulatory volume, subject's gestational age or technical factors, particularly the introduction of harmonic imaging with better endocardial definition.
Diastolic function during pregnancy has been assessed by determining MV (mitral valve) inflow, with a suggestion of impaired LV (left ventricular) relaxation and increased preload [14, [20] [21] [22] [23] ; however, these measures are influenced by filling (preload), HR and age. Pregnancy-related changes in preload and HR may therefore confound the interpretation of diastolic function using MV inflow parameters.
Modern echocardiography includes assessment of systolic and diastolic function with TDI (tissue Doppler imaging) to estimate myocardial velocities during contraction and relaxation. TDI is believed to be less dependent on preload [24] [25] [26] . To date, we are aware of only two longitudinal studies in pregnancy using TDI. The findings were inconsistent, with one suggesting a decrease in early diastolic function [27] and the other no change [28] . This important question thus remains unresolved.
Some of the discrepancies in the literature might be explained by between-study variability in the gestational age and physiological state of the mother. Sympathetic hyper-reactivity in pregnancy [29] is likely to contribute to a rapid increase in HR with activity and, thus, inadequate rest may obscure measurements. Many previous studies have reported HRs > 80 bpm (beats/min) [12, 17, 18, [20] [21] [22] [23] 28 ], yet Holter recording during pregnancy indicates resting HR is approx. 70 bpm [30] . Cardiac investigation timing in relation to gestation may also be important, as some studies hint at a decrease in systolic function late in pregnancy [16, 19, 20] .
Methodologically, although cross-sectional studies [31, 32] have had an important role in highlighting the need for further research, determining normal values and establishing diagnostic utility in assessing maternal cardiac function during pregnancy will only be possible from longitudinal studies.
The aim of the present study was to assess systolic and diastolic function in fully rested subjects utilizing a combination of older methodologies (EF and MV inflow) and colour overlay TDI. We assessed women during their first pregnancies and undertook a longitudinal analysis of cardiac function during mid-and late pregnancy, with additional comparisons with a group of matched non-pregnant controls.
MATERIALS AND METHODS

Subject recruitment
The longitudinal study was based on 32 pregnant women who formed part of 100 nulliparous pregnant volunteers carrying a singleton pregnancy recruited during their first antenatal clinic attendance at the Royal Women's Hospital, Melbourne, Australia. For comparative purposes, four separate results from each of nine non-pregnant subjects were averaged. These measures were obtained during the follicular and luteal phases of two menstrual cycles confirmed by oestradiol and progesterone levels (results not shown). Controls were nulliparous, matched for age and body size, with regular menstrual cycles and no use of hormonal contraception for at least 3 months. All women were asked to fast for 2 h prior to assessment.
The Ethics Committee of the Royal Women's (RWH) and Royal Melbourne (RMH) Hospitals and the University of Melbourne approved the study, and informed consent was obtained from all participants.
For logistical reasons, access to echocardiography equipment for late pregnancy follow-up was available for only one-third of the cohort. These subjects did not differ materially from the entire group (see below).
Baseline measures
CO calculation and TDI was performed after at least 20 min of rest in order to achieve minimum HR values. BP (blood pressure) was ascertained in the seated position, as per American Heart Association Guidelines for BP measurement during pregnancy [33] . In the non-pregnant controls, BP was measured supine.
Echocardiography
Echocardiography was performed with Vivid 7 Dimension machines (GE Healthcare) and a M3S matrix probe. Image acquisition was in the left lateral position with image optimization usually achieved during the mid-expiratory phase of quiet breathing. Digital storage of five cardiac cycles allowed offline analysis on an Echo PAC PC system (GE Healthcare) by a single reporter, blinded to subject identification.
CO
LVOT (LV outflow tract) diameter was measured from the parasternal window as follows: LVOT area = π × r 2 (where r is the radius). Pulse wave Doppler in the LVOT allowed measurement of the VTI (velocity time integral) of flow [34] . CO (litres/min) was calculated as: CO = HR × LVOT area × VTI.
TDI
TDI was determined from the apical four-chamber view [25] , with a narrow sector colour overlay placed on the septal and lateral walls of the left ventricle (> 140 frames/s). Offline TDI analysis was performed on de-identified data at the level of the MV. The highest and lowest values were discarded and the other three measurements were averaged.
Wall stress
MWS (meridional wall stress) was determined utilizing the calculated central (aortic) SBP (systolic BP) from the PWA (pulse wave analysis) determination. This involves algorithmic extrapolation from the brachial SBP and a radial artery waveform obtained by tonometry [35, 36] . M-mode imaging of the left ventricle at the MV tips (parasternal window) allowed offline measures of LV cavity radius and wall thickness during end systole [37] . MWS (σ m ) was calculated as:
where P is the central SBP, R is the LV radius, and h is the wall thickness (average of interventricular and posterior wall thickness) [38] .
Intra-and inter-observer variability
Bland-Altman analysis of intra-and inter-observer variability was performed. Intra-observer variability on 55 measures of the LVOT diameter 3 months apart revealed a mean (S.D.) difference between measures of 0.0282 (0.05) cm. Inter-observer variability was determined for LVOT diameter (n = 50), LVOT VTI (n = 32) traces, and LVEDV (LV end-diastolic volume) (n = 14) and LVESV (LV end-systolic volume) (n = 14) measurements between reporters. The mean (S.D.) differences between the reporters was 0.037 (0.06) cm, 0.453 (1.44) cm/s and 1.46 (4.82) ml respectively.
Statistical methods
The power calculation was based on the capacity to show a difference in CO of 0.5 litres/min in the paired data analysis at 80 % power. No published data existed at study commencement for TDI in pregnancy, thus this did not form part of the power calculation.
Results are presented as medians (interquartile ranges). Non-parametric statistical comparison was performed, using either unpaired (Mann-Whitney U) or paired (Wilcoxon) tests as appropriate. Weight measures were normalized where necessary by log transformation. Association between variables was assessed by Spearman's correlation coefficient. Statistical analysis was performed with SPSS 11 for Mac OS 10.
RESULTS
Cardiovascular characteristics of early to mid-pregnancy
The pregnant women were seen at a median of 16 weeks of gestation, and were well-matched for age and body size to the non-pregnant controls (Table 1) . Median resting HR was significantly greater in the pregnant women (Table 1) . DBP (diastolic BP) was lower in the pregnant women, with no difference in SBP (Table 1) .
There were no significant differences in LVM (LV mass) or LVMI [LVM indexed for BSA (body surface area)] between the pregnant and non-pregnant women (Table 2) . CO and CI (cardiac index; CO/BSA) in the pregnant women were slightly higher than in controls, but the differences were not statistically significant (Table 1) . (Table 2) . SE and LE were significantly greater in pregnant subjects than in controls. No significant differences were observed in late diastolic velocities (Table 2 ). EF and MV inflow did not differ between the women (Table 2) .
Longitudinal changes in body size and haemodynamics during pregnancy
The subgroup of 32 women followed into later pregnancy were representative of the entire group of 100, other than being slightly older (median age, 32 years). Follow-up occurred at a median of 37 weeks of gestation (Table 3) . From early until late pregnancy, a significant increase in body size, and both SBP and DBP, were observed. Median resting HR remained unchanged (Table 3) . LVM increased approx. 12 % in proportion with the increased body size (Table 3) . A small and non-significant increase in resting CO occurred between 16 and 37 weeks of gestation. Table 4 shows the TDI, EF, MWS, MV inflow and PV (pulmonary vein) flow results for the 32 women at 16 and 37 of weeks gestation. The TDI results at 16 weeks in these 32 subjects were representative of those in the entire 100 women. A significant reduction in SS and a large increase in the MWS were observed. Consistent with these findings was a significant decrease in EF (Table 4 ). The decrease in LS was not statistically significant. SE and LE fell significantly between 16 and 37 weeks of gestation, whereas SA and LA increased significantly (Table 4) . MV E (transmitral early diastolic peak velocity) decreased with a prolongation of the DT (deceleration time) (both statistically significant). Both PV S and D (PV systolic and diastolic velocities) decreased with a non-significant increase in the PV A (PV atrial reversal velocity) ( Table 4 ).
Systolic and diastolic function during pregnancy: longitudinal changes
Cardiovascular correlates with maternal age
In late pregnancy, a significant negative correlation between E (adjusted for log weight) and maternal age was observed (Figure 1 ). The effect of age was also evident when we compared SE between women in the oldest and youngest quartiles for age (n = 8 in each group). Median velocities were lower in the older women in both early [9.3 (8.0-12.1) cm/s] and late [8.0 (6.4-9.0) cm/s] pregnancy compared with the median velocities in the younger women in both early [12.1 (11.7-12. 3) cm/s] and late [10.3 (9.0-11.6) cm/s] pregnancy. In each quartile, the decrease in diastolic velocities during gestation was statistically significant (two-tailed P value = 0.001 and 0.012 in the younger and older quartiles respectively). Between the quartiles, only the late pregnancy difference in diastolic velocity was statistically significant (two-tailed P value = 0.005).
Figure 1 Relationship between maternal age and E (log weight adjusted) measured at late pregnancy
Relationship between maternal age (years) and LV septal wall early diastolic function adjusted for log weight (E adj ) in the 32 women studied at 37 weeks of gestation.
Pregnancy complications
A total of five out of the 32 women developed complications of pregnancy. Three had gestational diabetes and one had gestational hypertension diagnosed between the assessment visits. One subject developed pre-eclampsia at delivery after the 37 week study.
Although numbers were limited and should be interpreted cautiously, differences were observed in those women who developed complications. At the 16 week visit, these five women were heavier (two-tailed P value = 0.004) with higher CO (two-tailed P value = 0.03) and SBP (two-tailed P value = 0.04). At 37 weeks of gestation, persisting higher median weight (two-tailed P value = 0.006) and SBP (two-tailed P value = 0.011) were observed. At 37 weeks, higher DBP (two-tailed P value = 0.035), HR (two-tailed P value = 0.046) and LVM (two-tailed P value = 0.008) was also observed. Nevertheless, when removed from the statistical analysis, the reduction in systolic and diastolic function at 37 weeks remained significant in the other 27 women.
DISCUSSION
To our knowledge, this is the first longitudinal study of cardiac function to utilize colour TDI during pregnancy. The most significant finding is that, despite an apparent increase in function in early pregnancy, cardiac systolic and diastolic function, in the basal resting state, appeared to deteriorate by term. This functional decline was evidenced by a reduction in both systolic myocardial velocities and EF. In addition a reduction in E , accompanied by changes in the MV inflow and PV flow, was observed. These findings are consistent with impaired contraction and relaxation of the left ventricle by term. These observations suggest that a deterioration in cardiac function by term is a feature of otherwise normal pregnancy.
The inconsistencies in prior studies exploring maternal cardiac function may reflect assessments at varying gestational ages during the third trimester. It is possible that the changes demonstrated are only apparent close to or at term. Support for this lies in the observation that PPCM (peripartum cardiomyopathy) first develops during the last 4 weeks of gestation [39, 40] . Although the aetiology is unclear [41] , PPCM is more frequent in older women, multiple pregnancies and overweight and obesity [42] . This represents some parallelism with the myocardial dysfunction we have described in the present study in late normal pregnancy, particularly the relationship with maternal age. PPCM might represent a more extreme form of this process.
Our assessment of both longitudinal and circumferential fibre function may have facilitated the demonstration of deterioration. In pregnancy, a previous cross-sectional study suggested that longitudinal function (assessed by M-mode) might deteriorate prior to circumferential function [assessed by EF and FS (fractional shortening)] [32] . With normal aging, a deterioration in longitudinal function, with preservation of circumferential function, has also been reported [43] . In this respect, it is relevant that the deterioration in longitudinal diastolic function by 37 weeks of gestation appeared significantly accentuated in the older women in our present study. Likewise, our protocol of adequate rest prior to assessment may have uncovered dysfunction masked previously by higher HRs and sympathetic activation.
Circulating volume is known to affect measures of cardiac function, particularly EF and MV inflow. Although TDI is understood to be less preload-dependent, some effect, particularly of large volume shifts, has been seen in the haemodialysis population. In those cases, however, the decrease in volume post-dialysis was accompanied by decreases in TDI velocities [44] . Therefore, accepting that maternal circulating volume increases throughout pregnancy [45] , our present finding of a decrease in TDI velocities may be even more significant.
During pregnancy, a number of potential pathways for exerting cardiovascular stress exist: autonomic nervous system activation, insulin resistance, relative tachycardia, anaemia and weight gain. As these factors have been demonstrated to affect cardiac function, both in animal models [46] [47] [48] [49] and humans [6-9,50-52], our present findings are perhaps not surprising. Additionally, the hormonal milieu of pregnancy may alter electromechanical processes, such as calcium handling, with previous animal findings showing an effect of ovarian sex hormones on cardiomyocyte smooth reticulum calcium uptake [53] .
These findings might have relevance to the clinical management of everyday pregnancy. We were careful to assess women under basal conditions to minimize cardiac workload. What happens with the added physiological stress of activity, both incidental and intentional, remains unclear. The combined effects of age, obesity and co-morbidities during activity are also unknown.
Our present findings are similar to those described recently using pulse-wave TDI [27, 28] although direct comparison of velocity values is not possible, as pulse wave and colour-overlay TDI techniques have different normal ranges [54] with measurement of peak and mean velocities respectively. The findings of Fok et al. [28] , in particular, show a trend towards mid-pregnancy augmentation and late pregnancy deterioration in TDI measures that, although not statistically significant, are consistent with the pattern of change we have demonstrated in the present study.
Limitations and future directions
There are several limitations to the present study. The number of subjects involved is relatively small, but with sensitive methods and longitudinal follow-up the magnitude of the effects appears to be within the power of the study. It would have been interesting to have information before and after pregnancy in our subjects, but this was not logistically possible on this occasion. Our observational studies do not provide mechanistic insights, but more detailed investigation of cardiac function and volume status through invasive methods are also problematic in healthy pregnant women. Such questions nonetheless merit further specific research.
The results obtained in the resting basal state raise important questions about the function of the heart in late pregnancy under conditions that challenge cardiac performance, such as the activities of daily living and exercise. There is also a need to delineate the way in which age and body weight might interact with cardiac performance, particularly in late pregnancy.
Conclusions
In conclusion, we have utilized reproducible and quantitative methodologies [54] to assess cardiac function longitudinally during pregnancy. We have demonstrated, in the basal resting state, a deterioration in both contractile and relaxation capacity of the myocardium by term human pregnancy. These studies reveal changes of potential clinical importance, particularly for women with underlying cardiac disease, but possibly also for the average woman who is now both heavier and older during pregnancy than in previous generations [55, 56] .
